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ABSTRACT

The FIDO (Field IntegratedDesign & Operationsyover is an advancedmobility
platformandresearctprototypefor futureMarssurfacemissionsplannedby NASA.
It wasusedin arecenffield trial aimedat realistic simulationof the 2003 NASA
Mars Exploration Rovers (MER) mission. This paperreports the key system
enhancementsmadeto improvethe utility of the FIDO roveras a platform for high-
fidelity, physicalsimulationof Mars surfacemissions.We describethe approach
takento improvemission-relevanfidelity of the roversystemin supportof resource
modeling,contingencysequencingand addedrove functionality as proposedfor
theactualmission. This is followed by a brief overviewof autonomytechnologies
demonstratedh thefield trial, infusedinto the flight mission,and advancedelative
to the currentmissionbaseline.

1. Introduction

Thefirst autonomougplanetaryrover, namedSojourner,was deployedon Mars in the
summerof 1997 as part of the payloadon the NASA Mars Pathfinderlander.Sojourner
demonstratedhe viability of exploring planetarysurfacesusing mobile robot technology;
its missionwaslimited to minimal scientificsurfaceexplorationconfinedto anareain close
proximity to thelanderin 2003,NASA plansto launchafollow up Marsmissionthat will
usetwo autonomougoversto exploredistinct regions of the planet’s surface. These
roverswill havegreatermobility andautonomythan Sojournersincethey areexpectedo
traverseup to 100 meterseachMartian day (sol) andto conductexplorationindependent
of asurfacdander.

During the springof 2001, JPL conductedan extendedfield trial in the southernSoda
Mountainsof California’s Mojave Desertto physically simulatethe missionoperations
approactplannedfor oneroverof the MER mission. The autonomousehicle usedfor the
field trial was JPL'sFIDO rover,a MER prototype. The FIDO rover andits associated
end-to-endfield testing infrastructure[12] was usedto simulate20 sols of MER-like
operationakequencei a complexgeologicalsettinganalogoudo the Martian surface. A
teamof missionscientistsandengineerollaboratedwith FIDO roboticstechnologistgo
conductthe field trial via satelliteat JPL, 180 miles from the deserttestsite, without prior
knowledge of the site location (except for aerial imagery typical of Mars orbital
observations).As such,thefield trial wasconductedsif it werearealMarsmission.



Specific objectives,approach.and results of the field trial arereportedin [14]. This
paperdescribegnhancementsadeto increasdhe fidelity of the FIDO roverasa platform
for realisticphysicalsimulationof MER operationsscenarios.In Section2, we provide a
brief overviewof the systemanddiscusssalientdifferencesbetweenthe FIDO rover and
the roversdesignedfor the MER mission. Enhancementt the rover systemarethen
outlined in Section3. Section4 highlights the breadth of technologiesand related
advancementsuccessfullydemonstratech thefield, followedby concludingremarks.

2. FIDO Rover Overview and MER Comparison

The JPL FIDO conceptrepresentsa functional architectureand infrastructurefor the
developmentrapid prototyping,and testing of mobility platforms and advancedrobotic
technologies. The FIDO rover is but one of severalautonomousmobility platforms
developedat JPL usingthe FIDO systemarchitecturdgl12, 13], andit is the predecessoof
similar rovers under developmentat NASA including the JPL Athena Software
DevelopmenModel [9] andRocky 8 rovers,andthe NASA AmesK9 [5] rover. In form
and function, FIDO is a terrestrial model for the rovers designedto accomplishthe
objectivesof the MER mission(seeFig. 1), andis usedfor end-to-endmissionconcept
testingandvalidationvia annuaterrestriaffield trials.

FIDO field trials are conductedike remotescienceexplorationmissians using a semi-
autonomoussurfacemobility approach The prefix “semi” connotesremote planning,
command-sequencingnd visualization of rover activity sequencesand related data
productsby an Earth basedscience-engineeringeam,all under extremetime delay and
intermittent communicationafforded by daily uplink/downlink cycles of deep space
networks. In the contextof scienceexploration,the FIDO rover doesnot actually decide
whatto do or howto conductexploration(yet). Rather,the FIDO roveris equippedwith
intelligentalgorithmsandsoftware,supportedoy advancedobotic hardwarenecessaryo
performautonomougxecutionof commandedlirectivesandachievemenof specifiedhigh-
level goalsthat originatewith missionoperators More detailedtechnicaldescriptionsand
specificationsof the critical FIDO subsystemsnissionoperationstools, and capabilities
canbefoundin[1, 2,4,11,12].

2.1FIDO andMERRovers:FunctionalContrastsand Similarities

The FIDO roveris similar in function and capabilitiesto the MER rovers, althoughthe
MER roversareaboutl1.5 timeslargerin size and2.5 timesasmassive. Solarpanelsand
onboardbatteriesprovide powerfor eachvehicle. From a systems-leveliewpoint, there
aresubtlefunctionaldifferenced®etweerthe rovers’designandconfigurationin the areasof
mobility andsensingfor navigationand control. Both designsemploy the JPL 6-wheel
rocker-bogiesuspensiorand are compatiblewith respectto motor control and mobility
performanceaswell assensingmplementationgor visual,inertial,andcelestialnavigation.
Lesssubtledifferencesexistwith regardto robotic mechanisndesignsthe most apparent
being the mast, which carriesstereoimaging systemsfor terrain surveysand navigaton
planningandan infraredpoint spectrometefor measuringmineral compositionof surface
material§from adistance.The FIDO mastarmis deployableto variableheightsabovethe
solarpanelup to 2 metersabovegroundat full extent;the MER masthasa fixed heightof
1.3metersabovegroundafteraone-timedeployment.



Figure 1. FIDO rover prototype (left) and artist’s rendering of MER design (right).

In addition, it is apparenfrom Fig. 1 thatthe FIDO mastis locatedat the rearof the
vehicle in contrastto the frontal placementof the MER mast, and that the solar array
configurationsarevery differentfor the two roverdesigns. This resultsin different near-
field obscuration patterns (due to the solar panels) for the various mast-manted
instruments.To compensatefor some of these differenceswhen simulating MER, the
FIDO mastis deployedat the MER mast height during the field tests. Both rover
configurationsncludearoboticarmbeneaththe frontal areaof the solarpanelthat carriesa
suite of instrumentsusedfor in situ scienceinvestigationof surfacematerials.The FIDO
instrumentarm carriesa color microscopicimager and a spectrometermodel for this
purpose.The MER instrument arm will carry a microscopicimager, two types of
spectrometergndatool for abradingrock surfaces.

Relativedifferencesin onboardcomputingimplementationsarenot significant from the
viewpointsof systemfunctionality andremoteoperations. However,for completenes#
is worth notingthatsignificantdifferencesoften existbetweenEarth-basegbrototypesand
rovers bound for spaceflight. The FIDO onboard computeris a PC/104 266Mhz,
Pentium-classCPU running the VxWorks 5.4 real-time operating system. The MER
onboardcomputerwill be quite differentdueto the meageravailability of processorghat
are qualified for spaceflight (radiation-hardened/tolerantMER vehicles will carry a
20MHz Rad6000a radiation-hardene@rocessoralsorunning VxWorks [9]. The FIDO
softwareis writtenin ANSI-C andorganizedasathree-layeiarchitectureThe bottom layer
handledow-level hardwarelevicedrivers,while the top layer handlesapplicationsoftware
including motion and instrument command sequencespbstacle avoidance, and path-
planning. The middlelayerprovidesthe abstractionbetweenhigher-levelsoftwareandthe
hardwaredependencies; is alsoresponsibldor all motion-controlfunctions, stereovision
processinginstrumentinterfacesforwardandinversekinematicsetc.

3.FIDO Rove SystemEnhancements

Althoughimportantdifferencesn size andinstrumentationexistbetweenthe FIDO and
MER rover designsthe similarities of the two aresignificantenoughto maintainthat the
sametypes of challengesexist in commandingFIDO operaions in complex terrain on
Earth,asareexpectedor MER on Mars. Bethatasit may, additionalenhancements the
FIDO roversystemwererequiredo improveits fidelity relativeto functionality, resource



modeling,andoperationalcommandsequencing.In this section,we highlight efforts made
towards increasing mission relevanceand physical simulation fidelity relative to the
baselingolanfor MER missionoperations.

3.1Wheel-Base®oil Excavation

The FIDO roveris capableof autonomouslyexecutirg alargevariety of robotic activities
rangingfrom instrumentpointing andfine-positioningto long-rangenavigationin complex
terrain. In early field test activities [4, 12], its wheels have beenused exclusively for
mobility. The MER missionscientsts desireto userover wheelsfor augmentedunctions
relatedto soil mechanicexperimentsaswas done previously with Sojourner[10]. As
such, it was necessaryio implementan approachto usethe cleatson the FIDO rover
wheelsastools for excavatimg soil.

Priorto thefield trials of spring2001the FIDO roverwasusedto evaluatethe feasibility
of this approacHor exposingnearsubsurfaceoil featuresfor observatiorusingits science
instruments. Through a series of preliminary tests in hard- and soft-packed soils,
techniquedor soil trenchingwere evaluated. Trenchingwas accomplishedby rotatingthe
front-left wheel backward while all other wheels maintained fixed positions. After
trenching,FIDO backsup to deployits arm-mountednstrumers on the trenchandacquire
sciencedata. Reversewvheelrotation facilitatesbackingthe rover wheelout of the trench
with minimal re-coverageand subsequendisturbanceof the excavatedsoil. Rotating a
FIDO roverwheel(20 cmdiameter)or six revoluions was sufficientto breakthroughthe
duricrustof hard-packedoil to depthsof 2.5-4.0cm. In very soft soil, trenchdepthsof
onewheelradius could be achievedafter three wheelrevolutions. A representativesoil
trenchwith wheeltracksis shownin the left of Fig. 2 asindicatedby the white rectangle.
This view is asseenfrom the frontal body-mounteccamerasafter driving backwardaway
from thetrench. Subsequentlytheroverdrivesforward to deploythe microscopicdmager,
ontheendof its instrumentarm,insidethe trenchas shownin the middle image.The right
imageof Fig. 2 showsthe resultingextremeclose-upimageof the soil insidethe trench.

This preliminary testing revealeda needto improve the strategy for wheel-based
trenchingassuccessivé&enchingattemptsvould producewheelmotor stall conditions. It
was determinedhat this approachto excavatingnearsub-surfacesoil requiresconstant
monitoring andrest periodsbetweenshort trenchingcyclesto allow the wheel motor to
cool. To achievethis, an improved approachwas formulated basedon a progressive
trenchingmotion sequence. This involves progressiverotation of the wheel through a
desiredrangeof motion, interruptedby timed periods of halted motion during which the
motorwinding wasallowedto cool. The sequencef intermediataotationsandcool times
was designedbasedon the motor thermal modelsto reducethe risk of motor failure.
Executionof this sequenceesultsin saferloadsduring the trenchingoperation As a
backup,the pre-existingFIDO onboardsoftware provides fault detectionand protection
againsimotor stalls,thus mitigating the risk of ultimatemotorfailure.

This evaluationdefineda technicalapproachand operationalbaselinefor shallow sub-
surfacetrenching followed by remote and in-situ visual analysis. On this basis, soll
trenchingusinga singlewheelwas electedasa new FIDO rover functionality to be field
testedduringthe MER-FIDO field trial. Additional motor thermalmodelingandanalysis,
supportedoy motor currentmonitoring,are requiredto characterizeand further improve
theapproach.



Figure 2. Left: Soil trench dug using wheel (rover's-eye view); Middle: Placement of the arm-mounted

microscopic imager; Right: microscopic image of soil.
3.2ResourcéModelDevelopment

The variousdifferencedn actualhardwaresoftware,and operationsapproachesisedby
the FIDO system versus that planned for the MER mission representimportant
incompatibilitieswith regardto resaurcetrackingfor rover operations. It was necessaryo
developresourcemodelsto best accountfor appropriatemappingsbetweenthe MER
baseline (as known) and FIDO end-to-end systems. To achieve a viable mission
simulation,analogueesourcenodelswere requiredfor predictingcommandexecutiontimes
and associatedtelemetry data volumes correspondingto a sol's worth of activity
sequencesThe FIDO onboardpower systemwas upgradedo enablesoftware-controlled
power switching of instruments and devies, thus facilitating power monitoring and
resourcemanagementHowever, only modestattention was given to modeling energy
utilization for thefield trial dueto its minimalimpactgiventhe testoperationgimeline— a
compressed/ersion of the actual mission operationstimeline. The field test timeline
allowedfor only 2 hoursof rover sequencexecutionper sol simulated. For this duration,
it was consideredunrealisticfor FIDO to consumeas much modeledenergyas a MER
rover would during an actualmissiontimeline, for which the executiontime is aboutthree
timeslonger.Fromthe MER missionoperationgpoint of view, the moreimportantissue
wasto familiarize testparticipantswith the conceptof dealingwith resourceonstraints.

The MER missionplan definesseveraltypesof Martian sols accordingto the primary
rover activity to takeplaceon a given sol. The categoriesnclude sols dedicatedo the
following activities: panoramicimaging; short (2-10m) and long (>10m) traversesto
approachsciertetargets;long drivesof at least80m; remotescienceusing instrumentson
the mast;andin situ investigationsusing instrumentson the arm. Sequencef rover
commandsequiredto autonomouslyexecuteeachof thesesol types were predefinedfor
the MER mission. BasedontheseMER sol definitionsandinformationaboutthe expected
resourceutilization by the MER rovers, functionally equivalentFIDO rover sols were
defined. Numeroussolatedtestswereperformedwith the FIDO roverto recordexecution
times and estimatedenergy utilization for all relevantFIDO commands/sequencesln
addition,modelswere developedio computethe telemetry datavolume associatedvith
FIDO commandqi.e., the expectedhumberof bits of rover state data, images,and/or
spectra).This dataformedthe basisfor modelinghow long the FIDO systemwould take
to executeequivalentMER sol activities, how muchtelemetry would be generatedand
transmittedand how muchenergymight be consumed.Overall,52 resourcanodelswere
createdor FIDO/MER rover commandexecution.Thesemodelswere integratedinto the
missionoperationgools with appropriatesoftware modificationsfor automateddownlink
processinguplink planning,andreportgeneration[2]. For eachsol, commandsequace
buildersutilized the modelsto efficiently plan, generateandverify setsof rover activities



that complied with constraintson allotted execution time, available communications
bandwidth,andpredictedenergybudgetoverthe entiremission.

3.3 Contingencysequencing

Resourcenodelingenhancementsnsurethat feasiblecommandsequencesare uplinked
to the rover. However,in the inevitableeventthat autonomousexecutionof a full sol of
activity falters,the rovermustbesmartenoughto fail cognizantly[6]. Thatis, it mustbe
ableto detectfailureswhenthey occur. A cognizantfailure capability was provided by
augmentingthe FIDO rover onboard software to support execution of contingency
sequencesn the event of an unexpectedoccurrence Specific engineeringand science
contingencysequencesvere definedto be executedin responsedo failed completion of
uplinked commandsnvolving sciencedata acquisition,arm operations,traversal,target
approachandtrenching. Engineeringcontingeries typically return critical rover state
information for immediate Direct-to-Earth (DTE) transmission, followed by later
transmissiorof imageryexpectedo revealsomeaspecbf the problemvia UHF, or orbital
relay, communications.Sciencecontingencie are designedto return critical rover state
informationandremotesciencedatafor immediateDTE transmissionwhile corresponding
panoramigémageryis transmittedduringthe nextUHF opportunity.

In eachcase,detectionof a failed commandsequencas followed by a contingency
sequencehat provides the necessarytelemetry for mission operatorsto diagnosethe
situation,while keepingheroverin asafemode. Following successfutliagnosisrecovery
is usuallypossiblevia uplink of acorrectivesequaceof commandsThis enhancememot
only facilitates ground-basedecovery from detectedfailures, it also allows sequence
buildersto anticipatepotentialproblemsandbuild-in contingencieghat would reducethe
risk of losing valuablesciencedataor endangeringthe rover. A richer instantiation of
cognizantfailure will be implementedon the MER rovers using languageconstructsand
conditionalstatement$or ground-basedndonboardsequencing.

4. Field-DemonstratedTechnology

In this sectionwe briefly highlight someof the roboticstechnologiegecentlydeveloped
at JPL anddemonstratedn the 2001 MER-FIDO field trial. They were fully integrated
with the FIDO architectureyerified in prior field testsand in the JPL MarsYard (an
outdoorrover testfacility), and improved for utilization in the field trial. The following
technologiesenhanced=IDO rover autonomy and capability, thereby contributingto a
successfuMER missionsimulation. Fig. 3 showsrelatedscenef field trial activity.

* Autonomousn-boardarm collision avoidancesoftwarewas demonstratedor safe

instrumentarm placemento diagnosepotentialarm interactionwith the rover and
the terrain. The algorithm automaticallybuilds a terrain model from stereorange
imagesand requres no human interaction[8]. The algorithm was also usedto
supplementnissionoperationgools asa meansto efficiently build safe instrument
armsequences.

» Onboard ExtendedKalman Filter (EKF) state estimationwas demonstratedvhich
fuseswheelodomety, CCD-basedsun sensorestimatesof absoluteheading,and full
inertial measuremendata (rate sensingand attitude)for accuraterover localization.

It providedvaluableinformation usedby mission operatorsfor localizing the rover
within aerialviewsof the deserttestsite. Errorsof lessthan 1% of distancetraveled
havebeenreportedfor thistechniqud3].

* Long-rangeautonomousavigationwasdemonstratewith onboardhazarddetection
andavoidancecontrolusinga local pathplanningalgorithmcaled DriveMaps[7].



Figure 3. Remote science, autonomous traverse, and in situ science in the field.

Retrospectiveevaluationsof field trial operationsand results often reveal functional
limitations or the apparentneedfor investigatingalterrative technologyoptions. As an
examplethe currentstructureandflow of the plannedMER missionoperationsactivities
imposesalimitation on the minimumnumberof sols requiredto approacha specifictarget
andplaceinstrumentarmdevicesonto it. Swccessfulaccomplishmenof this sequencef
activities cantake 2-4 sols underthe presentstrategy. After the 2001 field trial, this
limitation wasaddressedy the FIDO teamthroughimplementatiorandfield validationof
an automatictargetapproachseqiencethat can be accomplishedising a single high-level
commandandin asinglesol. The autonomousequenceasesavisualservoingtechniqueto
facilitatenavigationto the designatedciencetargetwhile trackingthe targetlocationusing
homographytransforms;this is followed by placementof the microscopicimager using
automatidocusingbasedn wavelettexturefeatures. Details of the relatedalgorithmsare
reportedin [7] along with additional algorithmic options for key autonomousmission
functionssuchashigh-levelnavigationand path planningfor longertraversesandonboard
executionrmonitoring for fault detectionanddiagnosis.Informationon thesedevelopments
may alsobefoundat the JPL FIDO website (http://fido.jpl.nasa.gov).

Oneof theobjectivesof the FIDO conceptis to infuseadvancedechnologiesnto flight
systemimplementationsto increaseautonomy and capabilitiesfor plannedand future
missions. The mostrecentsuccesses this regardare the infusion of the onboardarm-
collision avoidancetechniqueinto the MER flight software and the infusion of the
operationgplanningtool [1] into the MER grounddatasystentool-suite. The FIDO rover
localizationandmotion controltechnologyarealso being consideredor implementatioron
the MER mission. In particular, FIDO algorithms and software for EKF-basedstate
estimationandvelocity synchronizeall-wheeldrive (for improved6-wheelodometry)are
undergoingevaluatiorby the MER flight softwareteam.

Finally, a numberof insights and lessonslearnedresultedfrom the 2001 field trial
experience. Many of thempertainto desirablefeaturesand improvementsrelatedto the
missionoperationgools anduserinterfaces.Thereweretwo specificinsightspertainingto
the FIDO rover systemthat provide guidanceto further increasdfidelity relativeto MER
mission simulation. The first highlighted the utility of an autonomouscapability to
perform(andreactto) onboardcheckingof sciencedataquality in orderto avoid occasional
lossof asol (dueto returnof poor quality data)or the risk of dataloss. The secondcalled
for onboardtelemetry and memory management. This insight expresseshe notion that
thereshouldbeamethodby which the rover canrevealwhat requestedelemetryit thinks
it hasacquiredand transmitted,as well as what sciencedata it has stored in onboard
memory. Attentionto theseissueswill bepaidin the courseof future work.



5. Summary and Conclusion

This paperdescribecenhancementsadeto the JPL FIDO rover systemto increasets
fidelity for realistic physical simulation of the NASA 2003 Mars Exploration Rovers
mission. An additionalfunctionality for soil trenchingusing a rover wheelwas described,
as well as measuredaken to develop resourcemodels and a facility for contingency
sequencing.Specificautonomousovertechnologieverified in the field were highlightedin
additionto technologyadvanceselativeto the MER missionbaseline.

Realisticphysical simulationssuch as the 2001 MER-FIDO field trials are valuable
rehearsalaswell asprovinggroundgor proposedovermissionoperations.They provide
opportunitiedo testsequences realisticsettings,train missionpersonnelbon how to use
autonomousoversto conductremotefield-based science,and identify technologiesthat
requireadditionaldevelopmenand/orevaluation.FIDO field experiencdo datehasshown
that these terrestrial system analoguesreduce mission risk, providing cost-efficient
integrated technology development, testing and evaluation within a flight-relevant
environmentwith directflight participation.
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